Geranylgeranyl diphosphate synthase (GGPPS), a member of the short-chain isoprenyl diphosphate synthase family, catalyzes the consecutive condensation of three molecules of isopentenyl diphosphate (IPP) with dimethylallyl diphosphate (DMAPP) to give a C 20 compound which is a precursor to diterpenes, carotenoids and chlorophylls.
Genes encoding GPPS, FPPS and GGPPS have been isolated from various organisms. Sequence comparison of these enzymes revealed several conserved regions including two aspartate-rich DDXX(XX)D motifs. [4] [5] [6] X-ray crystallography study of an avian FPPS revealed that these two aspartate rich-motifs, which are located on opposite walls of a large central active-site cavity, act as binding sites for the metal ions that form complexes with the diphosphate moieties of the two substrates. 7) Site-directed mutagenesis and crystallographic studies also indicated that the amino acids in the region around the first aspartate-rich motif (FARM) are essential in determining the ultimate length of the product polyisoprenoid chain. Hence, replacement of Phe-112 and Phe-113, situated at the fifth and fourth amino acid upstream to FARM in the avian FPPS, with smaller side chain amino acids gave FPPS mutants that synthesized longer polyisoprenoid products than FPP. 8) Further, in both cases of bacillus FPPS 9) and archaeal GGPPS, 10) replacements of the aromatic amino acid situated at the fifth amino acid before FARM to a non-aromatic amino acid caused a change of the product specificity. The mutant enzymes were able to catalyze consecutive condensations beyond the destined limit of the original enzymes, and the chain lengths of their final products were dependent on the bulk of the side chain of the substituted amino acid. 11) On the basis of these mutation studies, 12) it was proposed that the mechanism of the product length determination in eukaryotic FPPS is different from those of prokaryotic FPPS. In eukaryotic FPPS, both of the aromatic amino acids at the fourth and fifth positions before FARM directly block the chain elongation greater than C 15 and provide product specificity. In contrast, the product specificity of prokaryotic FPPS is determined by an aromatic amino acid at the fifth position before FARM and two amino acids inserted in FARM.
Few studies, however, have been reported concerning what structural factor(s) determines the product chain length in plant GGPPSs. To this end, GGPPSs from two diterpene-producing plants, Scoparia dulcis and Croton sublyratus, were cloned, functionally expressed in Escherichia coli, 13) and the mutants were analyzed for product specificity. A comparison of amino acids around the FARMs of FPPSs and GGPPSs of plant origin revealed two distinctive points. First, amino acids situated at the fourth and fifth positions upstream to FARM in plant FPPSs are aromatic, whereas the corresponding residues are non-aromatic amino acids in plant GGPPSs. In addition, the localization of S. dulcis GGPPS into plastids was demonstrated by a transient expression of fusion protein comprised of S. dulcis N-terminal region with jellyfish green fluorescent protein (GFP) 14) in Arabidopsis leaves.
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Cloning of S. dulcis and C. sublyratus GGPPS cDNAs Total RNA was isolated from two week-old seedlings of Scoparia dulcis and young leaves of Croton sublyratus, respectively, by phenol-SDS procedure and lithium chloride precipitation. Single-strand cDNAs were synthesized from 10 mg of total RNA with an oligo(dT) 17 primer and reverse transcriptase (Superscript II, BRL) according to the manufacturer's protocol. After RNase H treatment, the resulting single-strand cDNA mixtures were used as templates for polymerase chain reaction (PCR).
The same sets of degenerate oligonucleotide primers corresponding to the highly conserved amino acid sequences of the known plant GGPPSs (Fig. 1) were used for PCR-amplification of the core cDNA fragments. The first PCR was performed with the external set of primers GGPP433S and GGPP1085A (Table 1) using Ex-Taq DNA polymerase (Takara). The PCR program used throughout this study was 94°C, 1 min, 43°C, 1 min, 72°C, 2 min for 30 cycles and final extension at 72°C, 10 min. After filtration with Suprec-02 filter (Takara) to remove the primers, a nested PCR was performed with the internal set of primers, GGPP464S and GGPP952A, under the same PCR conditions except that the annealing temperature (T a ) was 50°C. The approx. 470 bp PCR products thus obtained were subcloned into pT7Blue Blunt or T-vector (Novagen) and the resulting plasmids were used to transform Escherichia coli strain NovaBlue (Novagen). DNA sequencing was performed with the dRhodamine Terminator Cycle Sequencing Ready Reaction kit (Perkin-Elmer).
The 3Ј-end of cDNAs was amplified using the rapid amplification of cDNA ends (RACE) method. 15) Specific sense primers were synthesized for both S. dulcis and C. sublyratus GGPPSs based on the core sequences obtained ( Table 1 ). The sense primers were: for S. dulcis GGPPS, 3ЈSD-S1 for the first PCR and 3ЈSD-S2 for the second PCR; for C. sublyratus GGPPS, 3ЈCS-S1 for the first PCR and 3ЈCS-S2 for the second PCR. An anchor primer, RACE17 was used as the antisense primer. Likewise, 5Ј-RACE was performed with a 5Ј-RACE system of Gibco BRL following the manufacturer's protocol. Template S. dulcis cDNAs were prepared with Superscript II reverse transcriptase (50 min at 42°C) and 5ЈSD-A1 as a primer. Poly(C) tail was then added to the 3Ј-ends of the resultant DNA mixture to create an abridged anchor primer (AAP) binding site. The first and second PCR reactions for S. dulcis GGPPS were performed with primers 5ЈSD-A2 and AAP, and with primers of 5ЈSD-A3 and the abridged universal amplification primer (AUAP), respectively. For C. sublyratus GGPPS, the primer 5ЈCS-A1 was used during reverse transcription. The first and second PCR reactions were performed with primers 5ЈCS-A2 and AAP, and with primers of 5ЈCS-A3 and AUAP, respectively. The nucleotide sequences obtained in this study have been deposited in the EMBL/GenBank/DDBJ databank (S. dulcis GGPPS, AB034250; C. sublyratus GGPPS, AB034249).
Heterologous Expression of Intact and Truncated GGPPSs S. dulcis and C. sublyratus GGPPS genes were expressed as both intact proteins and truncated proteins in which putative transit peptides were removed. First, the open reading frames (ORF) of the cloned cDNAs were PCR-amplified with 5Ј-and 3Ј-flanking primers (Table 1) . For intact S. dulcis GGPPS, the 5Ј-and 3Ј-flanking primers were SD-S1 and SD-A1051, respectively; for intact C. sublyratus GGPPS, they were CS-S1 and CS-A1104, respectively. Restriction sites were introduced immediately upstream of the ATG codon and downstream of the stop codon (Table 1) . Similarly, cDNAs for truncated GGPPSs were PCR-amplified with corresponding full-length cDNAs as templates. For each truncated GGPPS, a new 5Ј-flanking primer was designed in such a way as to remove the putative transit peptide at the 5Ј-end. Thus, for the truncated S. dulcis GGPPS, SD-S167 indicating the truncation site at nucleotide 167 in the ORF was used together with SD-A1051 during the PCR amplification. Likewise, for the truncated C. sublyratus GGPPS, primers CS-S216 and CS-A1104 were used. Therefore, the truncated S. dulcis GGPPS starts with 57 Tyr at its N-terminal, whereas the truncated C. sublyratus GGPPS starts with 73 Leu at its N-terminal. The amplified PCR products were gel-purified, digested with restriction enzymes and subcloned into an E. coli expression vector, pET32a(ϩ) (Novagen), which gives the expressed protein as a thioredoxin-His-tagged fusion protein. E. coli AD494 (DE3)pLysS cells (Novagen) transformed with expression plasmids were grown and overexpression was induced with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) for 20 h at 25°C according to the manufacturer's protocol. Soluble fractions obtained following the manufacturer's recommendations were directly used as enzyme sources and the protein concentrations were determined with the Bio-Rad protein microassay using bovine serum albumin as standard.
16)
Site-Directed Mutagenesis of S. dulcis GGPPS The synthetic mutagenic primers used for mutant construction were SD-AYF, SD-APC, and SD-SPC (Table 1) . Mutant YF (Met134Tyr/Ser135Phe) was constructed by the PCR megaprimer method 17) using the full-length S. dulcis GGPPS clone as template. After the first PCR with primers SD-S1 and SD-AYF, a second PCR was performed with SD-A1051 and the first PCR products (megaprimer), giving the full-length mutant clone. For the construction of mutant PC (DPro142/DCys143), a PCR was performed with primers SD-S1 and SD-APC and the full-length S. dulcis GGPPS clone as template. A separate PCR was also performed with primers SD-SPC and SD-A1051. Then, the resulting PCR products were combined and used as template for the next The amino acid sequences corresponding to the core fragment primers are those of A. thaliana GGPPS. The restriction enzyme sites are underlined, the 5Ј-start and 3Ј-stop codons are in italics, and mutated nucleotides in the SD-AYF primer are in bold. The primers SD-and CS-are for S. dulcis and C. sublyratus, respectively. The number in parenthesis indicates annealing temperature (T a ) during PCR.
PCR with SD-S1 and SD-A1051 as primers to give a full-length DNA fragment with desired deletions. Mutant YP (Met134Tyr/Ser135Phe/DPro142/ DCys143) was constructed using the same PCR-based method as for the mutant PC except that the full-length mutant YF DNA fragment was used as template for the first two PCR reactions. The mutagenesis was confirmed by DNA sequencing. After subcloning into pET32a(ϩ), the mutant expression plasmids were used to transform E. coli AD494(DE3)pLysS cells for functional expression.
GGPP Synthase Assay and Product Analysis The incubation mixture (1 ml) contained 50 mM iodoacetamide, 5 mM MnCl 2 , 50 mM FPP, 25 mM [4-14 C]IPP (1.85 kBq) and E. coli soluble fraction (800 mg total protein) as the enzyme source. After incubation at 37°C for 3 h, the reaction was stopped by alkaline phosphatase hydrolysis.
18) The reaction products were analyzed by TLC on a reverse-phase LKC 18 silica gel 60 plate (Whatman) developed with acetone/water (9 : 1). The TLC plate was exposed on a Fuji film BAS-II imaging plate at room temperature and analyzed with a Fuji BAS 2000 Mac bioimaging analyzer. Authentic geraniol, (all-E)-farnesol and (all-E)-geranylgeraniol were used to identify the reaction products.
Construction of a Chimeric Gene Encoding a Fusion Protein of the Putative Transit Peptide of S. dulcis GGPPS with Green Fluorescent Protein (GFP)
A 252-bp fragment of the N-terminal region of the S. dulcis GGPPS cDNA was PCR-amplified with SD-SGFP and SD-AGFP as sense and antisense primers, respectively ( Table 1) . The resulting PCR products were subcloned into a GFP expression vector, CaMV35S-sGFP(S65T)-NOS3Ј which contains a cauliflower mosaic virus 35 S-labeled promoter as its 5Ј-end, GFP as a reporter protein and nopaline synthetase terminator as a transcription terminator.
14) The resulting plasmid was subjected to particle gun bombardment on Arabidopsis tissues and individual leaves were visualized with a fluorescent microscope as described previously.
19)
Results and Discussion
Cloning of S. dulcis and C. sublyratus GGPPS cDNAs The ORF of the GGPPS gene from S. dulcis encodes a protein of 351 amino acid residues whereas the ORF of C. sublyratus GGPPS gene encodes a protein of 368 amino acid residues. The two clones exhibit 70% amino acid identity to each other. Sequence comparison with other plant GGPPSs from A. thaliana, C. annuum, C. roseus, and S. alba revealed a high level (60-70%) of similarity throughout the entire coding regions. However, sequence similarity with procaryotic GGPPSs from Thermus thermophilus, Archaeoglobus fulgidus, Saccharomyces cerevisae and Gibberella fujikuroi was low (15-30%). Five regions with highly conserved residues, 6) designated I-V, were found in both clones (Fig.  1) . Regions II and V are rich in negatively charged aspartate and positively charged arginine or lysine residues. These sequences correspond to the first and second aspartate-rich motifs (FARM and SARM, respectively) which have been proposed to be the diphosphate binding sites.
4)
N-terminal Transit Peptide Domain Sequence alignment ( Fig. 1) revealed that the N-terminal sequences of plant GGPPSs including S. dulcis and C. sublyratus GGPPSs exhibited a low degree of similarity, yet they shared common features of chloroplast transit peptides 20) in that 1) the N-terminal domains of 10 amino acids of the putative transit sequences were uncharged amino acids; 2) the central regions (amino acids 11-43 in S. dulcis GGPPS and amino acids 11-46 in C. sublyratus GGPPS) contained high amounts of the hydroxy amino acids serine and threonine and contained the positively charged amino acids lysine, arginine and histidine; 3) the C-terminal parts had a high potential to form amphiphilic b-strands. It is also noteworthy that a computer program (TargetP, www.cbs.dtu.dk/services/TargetP-1.0/), which predicts the subcellular localization and its cleavage site of a given protein by a computational neural network-based method, 21) predicted that both S. dulcis and C. sublyratus GGPPSs would be probably localized in chloroplasts.
Functional Expression of Intact and Truncated GGPPSs in E. coli To confirm that the obtained clones encode catalytically active GGPPSs, the cloned genes were heterologously expressed as thioredoxin-fusion proteins in E. coli. Both transformants exhibited significant GGPPS activity to catalyze the condensation of FPP and IPP to form GGPP, whereas control E. coli cells transformed with pET32a(ϩ) failed to produce GGPP in noticeable amounts (Fig. 2B) . Specific activities of S. dulcis and C. sublyratus GGPPSs determined from the radioactivity of GGPP were 71 and 66 pmol/h/mg, respectively. Interestingly, in spite of higher amino acid sequence identity, the expression level of S. dulcis GGPPS in E. coli was apparently higher than that of C. sublyratus GGPPS judging from sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) analysis of the crude extracts ( Fig. 2A) . A prominent protein band of 49 kDa corresponding to the thioredoxin-fusion protein was observed with S. dulcis GGPPS transformed E. coli extracts.
Earlier expression studies with Taxus canadensis GGPPS in yeasts 22) and spearmint limonene synthase in E. coli 23) demonstrated that a higher level of heterologous expression could be achieved upon removal of the plastidial transit sequences at the N-ends. In line with these studies, GGPPSs from S. dulcis and C. sublyratus were also expressed as mature (truncated) proteins in which the putative transit peptides at the N-ends were removed. It has been suggested that a change in secondary structures between a b-sheet and a more helical structure marks a transit peptide cleavage site. 20) Sequence alignment ( Fig. 1 ) and predicted secondary structures (with PREDATOR) 24) suggested the putative cleavage sites are located in the vicinity of Phe-58 and Phe-75 of S. dulcis GGPPS and C. sublyratus GGPPS, respectively. When expressed as thioredoxin-fusion proteins in E. coli, both truncated S. dulcis and C. sublyratus GGPPSs (approx. 44 kDa) were expressed in higher yields than the intact enzymes as judged by SDS-PAGE (Fig. 2A) . The truncated proteins also exhibited GGPPS activity indicating that the putative transit peptides at the amino terminal regions are not essential for the enzyme activity (Fig. 2B) . Specific activities of the truncated S. dulcis and C. sublyratus GGPPSs determined from the radioactivity of GGPP were 79 and 74 pmol/h/mg, respectively.
Subcellular Localization of S. dulcis GGPPS To determine the subcellular localization of S. dulcis GGPPS, a localization study was performed using jellyfish green fluorescent protein carrying the S65T mutation, sGFP(S65T) 14) as a reporter protein. A 252-base pair PCR-amplified fragment encoding 57 amino acids of the putative transit peptide and an additional 27 amino acids of the S. dulcis GGPPS gene was fused in frame to the N-terminus of sGFP(S65T). The fusion protein GGPPS-sGFP(S65T) was detected in intact tissues after delivering the construct into Arabidopsis leaves by particle gun bombardment. The observed localization patterns of the construct containing the putative S. dulcis GGPPS transit peptide (Fig. 3A) were similar to those exhibited by the transit peptide of the ribulose-1,5-bisphosphate carboxylase small subunit polypeptide of Arabidopsis (35SW-TPsGFP(S65T)) (Fig. 3B) , which had previously been demonstrated to target chloroplasts. 19) The patterns of the plastidic proteins were distinct from the patterns observed with the mitochondrion-localizing isoform C of spinach cysteine synthase (CS-C-GFP) 19) (Fig. 3C) , and also distinct from those observed with the control vector, sGFP(S65T), containing no transit peptide (Fig. 3D) . These results confirmed that the Nterminal sequence of S. dulcis GGPPS encodes a transit signal for targeting chloroplasts and that S. dulcis GGPPS is a plastidic protein.
Earlier study of the production of diterpenes in S. dulcis leaf organ cultures revealed that the concentration of the diterpenes increased in parallel to differentiation of green leaves. 25) Furthermore, the labeling pattern of [1-13 C] glucose incorporated into the diterpenes in S. dulcis shoot cultures 26) 200
Vol. 49, No. 2 demonstrated that they are biosynthesized via a non-mevalonate pathway which has been shown to function in chloroplasts. 27) Taken together, these results suggest that S. dulcis GGPPS is involved in the diterpene biosynthesis in chloroplasts.
In C. sublyratus, an electron microscope study by De-Eknamkul and Potduang 28) showed that the main diterpene, plaunotol (18-hydroxy geranylgeraniol) 29) was accumulated in the leaf chloroplasts (Fig. 4) , suggesting that the plaunotol biosynthesis is catalyzed by the enzymes present in chloroplasts. As C. sublyratus GGPPS contains the putative chloroplast targeting sequence, it is likely to be involved in the biosynthesis of plaunotol in chloroplasts.
Conversion of S. dulcis GGPPS to a FPPS by Mutagenesis On the basis of the difference in plant GGPPS and FPPS sequences (see the Introduction section), three S. dulcis GGPPS mutants were constructed, namely mutant YF, mutant PC and mutant YP. The mutant YF contained Met and Ser instead of Tyr and Phe at the fourth and fifth positions upstream to FARM. The mutant PC was constructed by deleting the two additional amino acids Pro and Cys in FARM. Combination of these two mutants gave the mutant YP. Thus the mutant YP had aromatic amino acids at the fourth and fifth positions before FARM and did not have any amino acid insertion in FARM (Fig 5A) .
When the reactions were carried out with crude soluble fractions and DMAPP (25 mM) and [1- 14 C]IPP (25 mM) as substrates, similar product distributions were observed in all mutants (Fig 5B) . Clearly, FPP was the major product produced by all mutants ( Table 2 ). The amounts of FPP produced by the mutant YF and mutant YP were more than two times higher than that produced by the mutant PC. When the reaction was carried out using FPP (25 mM) as a primer substrate instead of DMAPP, the mutants were not able to utilize FPP and no major prenyl compounds could be detected, whereas the wild-type enzyme produced GGPP from FPP as expected (Fig 5C) . These data clearly indicated that either: 1) replacement of small amino acids at the fourth and fifth positions upstream to FARM by aromatic amino acids or 2) deletion of two amino acids in FARM of S. dulcis GGPPS was sufficient to convert a plant GGPPS to a FPPS.
Earlier mutagenesis studies of bacillus FPPS 10) and archaeal GGPPS 9, 12) showed that the ultimate length of their products is determined by the amino acid at the fifth position upstream to FARM. Both bacillus FPPS and archaeal GGPPS possess an aromatic amino acid of Tyr and Phe, respectively, at that position. Unlike the plant GGPPSs, archaeal GGPPS lacks an amino acid insertion in FARM. Mutagenesis around the FARM region of archaeal GGPPS 12) demonstrated that GGPPS could produce FPP as a major product by conversion Amounts of GGPP produced by the wild-type GGPPS were taken as 100%.
of Thr situated at the fourth position before FARM to Phe. Further, insertion of two amino acids in the archaeal GGPPS FARM also caused the mutant GGPPS produce FPP in a manner dependent on the substrate concentration. These results suggest that plant and archaeal GGPPSs employ different mechanisms to determine the chain length of the product. Therefore, in plant GGPPSs, both small amino acids at the fourth and fifth positions before FARM and the insertion in FARM play essential roles in product length determination.
On the other hand, in archaeal GGPPS, having a bulky aromatic amino acid at the fifth and a small amino acid at the fourth position before FARM was essential in chain length determination and the insertion in FARM caused the enzyme to produce FPP instead of GGPP.
